Introduction
In recent years, diagnostic imaging using ultrasonic tomography has been commonly used in the field of obstetrics. But the ultrasonic diagnostic devices available at present can capture only one section of the fetus. We have developed a system for ultrasonic three-dimensional reconstructions of the fetus in order to facilitate the understanding of the three-dimensional structure of the fetus and also to make three-dimensional recording possible. Here we describe this system.
Principle
The procedure for 3-D reconstruction of the fetus from ultrasonic tomographic images is illustred in figure 1 . Successive parallel ultrasonic tomographic images are entered into a computer together with positional information. The computer extracts the part of the fetus from each tomographic image and builds up these images threedimensionally according to the positional information.
The principle of three-dimensional (3-D) display is illustrated in figure 2 . The direction of a viewing point relative to the three-dimensionally reconstructed fetal image is designated. The plane of projection vertical to this direction is assumed. The brightness of each element of the picture on the plane of projection is determined proportionally to the distance between the picture element and the fetal image. In other words, the shorter the distance, the brighter the pictorial element, and the longer, the darker that element. It is pos- sible to visibly appreciate the fetus three-dimensionally by regenerating this projection plane on the monitor TV [1] .
3 System and methods
Configuration
The configuration of the system that we have developed is shown in figure 3 . The data from the position-sensor attached to an ultrasonic probe are entered into a microcomputer, where they are converted into a form that can be recorded on a video tape as an image. This new image is simultaneously superimposed on the ultrasonic tomographic image and recorded on the video tape [2] . Thereafter, these new data on the video tape are entered into the minicomputer. This minicomputer produces three dimensional reconstructions, and using computer-graphics displays the images which were generated on television monitor.
Separation of data acquisition from data entry was done in order to make the examination time for patients as short as possible, so that discomfort to the patients was reduced and the effect of fetal movement was minimised.
Position sensor
Either a real-time linear array probe of an ultrasonic scanner SONOVISTA-PX (Mochida Co., Ltd.) or a convex array probe of an ultrasonic scanner SSD-280 (Aloka Co., Ltd.) was mounted on the position-sensing arm of a manual compound scanner MSU-lOc (Aloka Co., Ltd.) in order to detect the position of the probe (figure 4). The position detecting components are mounted on the bench in such a way as to have 5 degrees of freedom of movement as shown in figure 4 to enable the plane to be measured to be set easily.
Recording system
A microcomputer CZ-802C (Sharp Co., Ltd.) is used to convert the positional information to the recording of an image on a video tape. This image is superimposed onto the ultrasonic tomographic picture simultaneously using a superimposer CZ-8DT (Sharp Co., Ltd.) and recorded on the video tape. The ultrasonic tomographic image with its positional information is shown in figure 5 . Each length of 3 lines on the right side represents the position (vertical and horizontal) and orientation of the probe when the tomographic image was recorded.
The speed of collection of the positional data and rewriting to the vedeo RAM in the microcomputer is so fast that the positional display can fellow rapid motion of the probe without any resulting flicker.
3-D Reconstruction and display
A minicomputer VAX11/780 (DEC) system was used for both the 3-D reconstruction and 3-D display. A repeating video tape through column feeding in the computer room, necessary images were input to this minicomputer on the basis of positional information of the probe displayed on the monitor TV. The image of the anterior uterine wall was excluded to define that of the fetus more clearly. Simultaneously, the data were compressed in the format of 128 by 128 picture elements which were then piled up in the memory of the minicomputer as 3-D data. The threshold level of brightness was designated in such a way that the fetus could be separated from the amniotic fluid. Thereafter, the 3-D images are displayed on a monitor TV using computer-graphics. Figure 6 shows the image generated by our system of a normal fetus of 19 weeks gestation in utero and is the composite image reconstructed threedimensionally from 48 segments of ultrasonic torn- ographic images taken at 2mm intervals. This image shows the true shape of this 19 week gestation fetus in a flexed posture.
Results
The probe was gently placed on the abdomen of the pregnant woman who was lying in a supine position and was then moved horizontally from the crown to the rump of the fetus to collect the data. The transverse images thus obtained were recorded on video tape. Since it takes only a few seconds for this data collection by ultrasonic inspection there is no effect of fetal movement.
Approximately 12 minutes are then required for further processing, that is, 10 minutes for the data input and 2 minutes for the 3-D reconstruction and display. Figure 7 shows the three-dimensional image of twins at a gestation of 15 weeks, reconstructed from 54 pieces of ultrasonic tomographic images taken at 2 mm intervals.
Discussion
Comparison of the computer-generated image (figure 6) with a photograph of a fetus aborted at 18 weeks, (figure 8) provides us with good evidence of the usefulness and fidelity of our new system for visibly demonstrating the fetus in utero. A large head, an arm, a constricted wrist, a gripped hand, legs, heels and toes are easily identifiable. However, noise was a bar to the reproduction of an image with a surface as smooth as that of the actual fetus. Using the conventional tomographic image (figure 9) it is not easy to distinguish a twin from a singleton pregnancy unless an understand- able explanation is given. Even if it is identified as a twin, it is not clear how the two fetuses are disposed. However, as shown in figure 7 , the 3-D reconstructed image obtained with our system visibly demonstrates twins and shows that one is in the breech position while the other is a vertex presentation.
Amniography and feto-scopy may provide us with a more comprehensible shape of the fetus than the ultrasonic 3-D reconstructed image given by our system. However, these are invasive techniques and they cannot safely be repeatedly performed.
On the other hand, ultrasonic 3-D reconstructed imaging is a non-invasive technique and can be performed repeatedly. Moreover by changing the position and direction of the viewing point, it allows easy appreciation of a solid object.
Use of this system is limited to cases in which the fetus is sufficiently separated from the anterior wall of the uterus. But if confined to a part of the body such as the face or hands, it is applicable even to the fetus at term. The processing time of our computer system is too long for routine clinical application. But development of computer systems for industrial applications which use high speed 3-D displays, such as CAD (Computer Aided Design) are rapidly being developed present and if these are applicable, the clinical use of our system in a real-time mode is highly likely in future when it can be connected directly with the ultrasonic diagnosis device. Future applications of this system to the screening for fetal anomalies and abnormalities of fetal growth are highly likely to be developed.
Summary
The ultrasonic diagnostic devices available at present can only represent one section of the fetus. We have developed a system for three-dimensional reconstruction of the ultrasonic fetal image in order to facilitate the understanding of the 3-D structure of the fetus and also to make 3-D recordings of this image. Eitehr a real-time linear array probe or a convex array probe of the ultrasonic scanner was mounted on a position sensing arm of a manual compound scanner in order to detect the position of the probe. A microcomputer was used to convert the positional information to a recording of a visual image of videotape. This image was superimposed onto the ultrasonic tomographic image simultaneously using a superimposer and was recorded on the video tape, thereafter, being recalled by the image processing minicomputer.
The minicomputer VAX11/780 (DEC) system was used for 3-D reconstruction and 3-D display. In the memory system the image of the anterior uterine wall was identified and subsequently excluded in order to visualise the fetus more clearly. The threshold of brightness was set to a high level so that the fetus could be separated from the amniotic fluid. The fetus was displayed three-dimensionally using computer graphics. Using this system, we have made it possible to obsereve the whole image of the fetus in utero non-invasively. This system offers a method for easier understanding of the 3-D structure of the fetus in utero and also makes 3-D recording possible.
In the future, we confidently expect that this system will be used for screening for fetal anomalies and abnormalities of fetal growth.
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